INTRODUCTION
Light from stars and galaxies may be absorbed by interstellar material along the sight-line. Absorption typically affects the entire spectrum rather than producing lines. However, for over 100 years a set of discrete absorption features, known as diffuse interstellar bands (DIBs), have been recognized in the spectra of many stars when viewed through interstellar clouds. Indeed, the signature of that effect is partly conveyed by numerous discrete absorption features known as diffuse interstellar bands (DIBs). Yet there is no consensus as to the source(s) behind the majority of DIBs, and hence the impetus behind this research.
For a comprehensive discussion concerning the discovery of DIBs the reader is referred to McCall & Griffin (2013) [1] . Briefly, Hartman 1904 [2] noted that the K line of ionized calcium did not exhibit the requisite Doppler shift identified in other lines associated with the spectroscopic binary  Orionis, and consequently it was associated with an interstellar calcium cloud along the sightline. In 1919 Heger reported that sodium D lines displayed a similar stationary behaviour relative to other lines, and later identified features at 5780 Å and 5797 Å that are now recognized as DIBs [1] . That work in part helped catalyze this key area of research, and significant progress has since been achieved toward expanding the census of DIBs. In 2009, Hobbs et al. [3] reported a total of 414 DIBs between 3900 Å and 8100 Å in the spectrum of the Galactic binary star HD 204827. DIBs were likewise detected beyond the Galaxy, such as at 5780 Å and 5797 Å in the Magellanic clouds [4] , and Junkkarinen et al. [5] found DIBs associated with observations of the BL Lac object AO 0235+164 (z = 0.524).
The word "diffuse" in the designation of DIBs underscores the "somewhat hazy appearance of DIBs compared with the relative sharpness of atomic transitions in the interstellar medium", quoting McCall & Griffin (2013) [1] , which they argue is a strong indicator that the sources of DIBs are molecular (not atomic). The diffuseness of the DIBs is generally attributed to the short lifetimes of the excited molecular species that are associated with them (See Ref. [6] and references therein). The observed widths of DIBs generally fall between 0.05 and 0.3 nm, with a typical width of ~ 0.07 nm according to a review by Tielens [7] .
Research continues unabated to identify the numerous sources behind DIBs, as the strengths of DIBs are not necessarily correlated. DIB wavelengths are unrelated to known atomic transitions, and may be linked to molecules or molecular clusters. The existence of spectroscopic fine-structure in DIBs supports that conclusion, namely that the source is molecular, since the fine-structure can result from molecules composed of different isotopes of certain atoms such as carbon 12 and carbon 13. The ESO Diffuse Interstellar Bands Large Exploration Survey (EDIBLES) highlights in excess of 500 DIBs [8] , however C 60 + remains the sole confirmed source for a few DIBs. For example, Maier et al. [9] advocated that fullerene C 60 + was the source of DIBs at 9577 Å and 9632 Å, and three other C 60 + bands were since identified at 9348 Å, 9365 Å, and 9428 Å [10] .
A source for certain DIBs that features hydrogen is favored by the element's abundance. Yet atomic (H) or molecular (H 2 ) hydrogen are ruled out as sources of DIBs because their spectra do not match known DIBs. Moreover, H 2 is rare in the interstellar medium [11] . The His also not a viable candidate since it has only one bound state, at least within the non-relativistic, fixed nucleus approximation with Coulombic forces only (and no excited bound states) [12] .
As a result, it has been suggested that ion induced dipole clusters 2 1 H n   (where n is the number of H 2 ligands) might exist in the interstellar medium [13] [14] [15] [16] [17] , and could be a viable source of DIBs. While the H  ion is found in the interstellar medium CHEMREV and it is also found in stellar atmospheres and regions such as dark molecular clouds [18] . Indeed the ions C 4 H  , C 6 H  , C 8 H  are among the reported 2018 census [19] of 204 molecules identified in the interstellar medium. Even though the binding energy of H  is low ( 0.75 eV), the low temperatures ( 7-20 K) and densities ( 100-300 molecules/cm 3 ) of certain molecular clouds imply that once formed H  could remain stable for long periods, and act as an attractor for H 2 molecules to form anionic hydrogen atomic clusters.
This work investigates anionic hydrogen clusters as contributors to the DIBs. Anions, in general, are believed to be contributing to the DIBs spectrum [20] . Moreover, Sarre has argued that anion-dipole bound molecular clusters, such as those presented here, are good candidates as a source of DIBs [21] . This paper is divided as follows, in Section 2 the computational approach is outlined. In Section 3.1 the evidence for the stability of these clusters under interstellar conditions is presented along with a mechanism for their formation. Finally, the spectra of these clusters and the matching DIBs are discussed in Section 3.2.
CALCULATIONS
Configuration interaction calculations with single excitations (CIS) were conducted for the ground and excited states. Brillouin's theorem states that the matrix element of a singly excited Slater determinants (SD) with the ground state SD vanishes [22] . The singly excited states, thus, cannot improve the wavefunction or energy of the ground state. Thus, in this work the CIS calculations are followed by Møller-Plesset second-order perturbation theory (MP2) corrections [23, 24] (with frozen core) for the ground and excited states, a method referred to as CIS-MP2. The triple-zeta quality aug-cc-pVTZ basis set has been used in all calculations whereby the geometry of any given cluster is energy minimized without constraints at the CIS/aug-cc-pVTZ level of theory followed by a harmonic frequency calculation. No imaginary frequencies were found for any of the optimized geometries, and hence all 3 structures are (at least) local minima on their respective potential energy hypersurfaces. The wavelengths of maximum absorption ( max ) were calculated at the CIS-MP2/aug-cc-pVTZ//CIS/aug-cc-pVTZ level of theory. This theoretical methodology has been found to reproduce UV-Vis spectra accurately (even with smaller basis sets) by Forseman, Head-Gordon, and Pople [23] . In the present work, the basis set aug-cc-pVTZ was selected since it is relatively large, correlation consistent, andimportantly -it is augmented with diffuse functions that are necessary for an accurate description of anionic systems, especially in their excited electronic states.
The calculated spectral lines correspond to E = hν, the difference between the MP2 energy of the ground state and the energy of the excited state after the MP2 correction is added to account for electron correlation. Binding energies are defined as usual:
where all symbols have transparent meanings. Atomic charges were obtained in accordance with the quantum theory of atoms in molecules (QTAIM) [25] [26] [27] using the AIMAll/AIMStudio software [28] .
3.
RESULTS AND DISCUSSION Fig. 2 ). The increase in the binding energy of these clusters with size suggests that the search for larger hydrogen ion clusters (n > 7) is indicated theoretically and experimentally. Cationic analogs of these clusters, H n  , are known to exist for all values of 3 < n (odd) < 99 [30] , hence it is not unreasonable to expect the existence of anionic clusters as well [31, 32] . Recently, path integral molecular dynamics simulations at 1 K by Calvo and Yurtsever have pushed the search for stable anionic clusters up to n = 54 molecular hydrogen ligands attached to a central hydride [33] . These workers found that stable icosahedral shells of the larger ions exhibit magic numbers at sizes of 12, 32, and 44 ligands (confirming experimental results previously published by Renzler et al. [34] ) [33] . energies being higher than these values, that can also imply that the calculated excited states are metastable in this respect as well being autodissociating states, which can shorten their lifetime further and introduces more broadening to the lines. This broadening is at the moment out of the scope of this preliminary study and will be the subject of a follow up study in the near future. Most hydrogen in dense dust clouds is molecular since carbon-, silicon-, and/or mineralbased dust particles (M) operate as condensation centers increasing the effective concentration of the reactants and providing a collision recoil energy absorbing support [11] . Accordingly, the formation of molecular hydrogen can be represented by [11] :
It is hereby suggested that a similar mechanism might lead to the formation of the anionic clusters examined in the present work.
This would involve the capture of a "rogue electron [35] " by atomic hydrogen (the electron affinity of which is 0.75 eV, compared to the thermal energy E therm. ≡ k B T  0.002 eV at 20 K) and the physisorption of the resulting hydride on a dust particle M. A sequential addition of molecular hydrogen formed nearby according to Eq. (2) will result into the proposed clusters (Eq. (3) below). Symbolically, we may write:
The thermal energy determines the stability of the complexes and their average lifetime. In the Milky Way's galactic plane, dust of size of the order of 140-240 μm has temperatures of about 16 to 21 K depending on location within the galaxy according to the Cosmic Background Explorer (COBE) satellite data (See Table 7 .12, p. 160 of Ref. [36] ). Under these conditions (~ 20 K) the thermal energy is ca. 0.002 eV (0.04 kcal/mol), an order of magnitude lower than the binding energy of the least bound cluster ( 9 H  , -0.02 eV). To provide other reference thermal energies, for a hotter cloud at, say, 100 K, this energy is ~ 0.009 eV (0.20 kcal/mol) (which is still lower than the binding energy of the least bound cluster) while at room temperature (298 K) it is around 0.026 eV (0.59 kcal/mol).
With binding energies, the ambient thermal energy, and vibrational frequencies, and using the Wigner-Polanyi equation, we can estimate the characteristic lifetime expectancy of these complexes () in the ground state, whereby:
in which the magnitude of the binding energy is the minimum energy needed to dissociate the cluster ( Table 1 ). The interpretation of the pre-exponential factor in the Wigner-Polanyi equation -that has the dimensions of frequency -is not entirely clear theoretically. This frequency factor is usually an experimentally determined parameter obtained from programmed thermal desorption. We may, however, adopt the interpretation of Chaabouni et al. [37] who interpret this factor as the "attempt frequency of molecules to overcome the barrier" (of dissociation). The highest vibrational frequency is taken as this "attempt frequency" since this will limit the lifetime to its shortest possible value (since it represents the fastest movement that can bring about a dissociation event). Table 1 lists the fastest calculated (harmonic) vibrational frequencies of the seven clusters and their corresponding characteristic lifetimes. From the listed lifetimes, and since electronic transitions occur at the femtosecond time-scale [38] , it is clear that even at room temperature all seven clusters can be sufficiently stable to absorb/emit in the UV-Vis. (Even the shortest lived species, 9 H  , would still survive 10 fs, while 15 H  -exhibiting the longest lifetime  -is predicted to last 10 5 fs).
More importantly, at the temperature of the interstellar clouds (taken as 20 K), five of the clusters are stable with practically infinite lifetimes, while the remaining two, namely 3 H  The excitation of the clusters to their above-mentioned auto-ionization/auto-dissociation states is accompanied by broadened absorption lines centered at the predicted frequencies/wavelengths. The metastable excited states can eject an electron with a kinetic energy equal to the gap between the excited state of the anion and the ground state of the neutral species. Another possible channel is that the metastable state dissociates into a hydride ion and neutral hydrogen molecules sharing the energy difference (between the excited state of the anion and the sum of the energies of the components at infinite separation) as their translational, rotational, and vibrational energies.
It is, hence, predicted that absorption by one of these clusters is a one-time event after which the cluster falls apart through either autoionization or auto-dissociation (with line broadening depending on the lifetime of the metastable state). Essentially, the DIBs that are proposed to originate from these clusters are the result of a dynamic process. This process involves the constant formation of these clusters followed by a single event of excitation/absorption that leads to auto-ionization or auto-dissociation. In other words, the clusters are continually forming and breaking and, in the process, give rise to the observed bands.
3.1.2
Geometries and Charge Distributions: The energy-minimized geometries are perhaps not intuitively obvious candidate equilibrium structures, as they do not always adopt the highest possible symmetry. They all do however correspond to true energy minimum geometries. A search over the molecular energy hypersurface did find, in every case, a geometry which satisfies the criterion for equilibrium, viz., all vibrational frequencies are real (no imaginary frequencies found).
These optimized geometries for the 2 1 H n   species (Fig. 1 ) seem to violate VSEPR (Valence Shell Electron Pair Repulsion Model) [40] rules if the cluster species are described using the standard Nyholm-Gillespie AB n E m classification scheme, with E representing lone pairs of electrons. (In this case, m = 1.) However, owing to the "central atom" being the hydride Hion, and the weak attraction of the ligand H 2n species, VSEPR-like rules can be recovered by denoting the central hydride as AE, and the remaining H 2n ligands as unified pseudo-atoms B n , so that the clusters are now considered as (AE)B n species. In this way, each cluster geometry now shows general agreement with VSEPR-like rules. Any "fish tailing" in the terminal ligand H could be due to the longer ligand -central hydride bond lengths and merits additional study.
The atomic charges derived from QTAIM [25] [26] [27] are given in Table 2 . Atomic charges alternate between negative and positive values (H -...H + -H -) and the central anion (H -) is found to carry most of the negative charge (from -0.96 ein 3 H  to -0.91 ein 15 H  ). The remainder of the negative charge is carried by the hydrogen atom(s) farthest from the central anion. The H 2 ligands are all polarized with an internal charge transfer around 0.1 ewith the positively-charged hydrogen atom being that nearest to the central anion. That hydrogen atom and the central anion share a bond of intermediate strength termed the "tri-hydrogen bond" [29] , a variant of the dihydrogen bond [41] in which both the proton donor and acceptor are hydrogen atoms. The principal chemical bonding interaction holding these clusters together is, hence, of the ion-induced dipole type.
Anionic Hydride-Centered Clusters and their Similarity to Corresponding Halide
Centered Clusters: Density functional theory (DFT) [42] [43] [44] B3LYP/6-311++G(d,p) calculations led to the identification of the equilibrium geometries of these clusters with the formula 2 1 H n   where n is the number of H 2 ligands as well [29, 45] . The clusters consists of a central hydrogen anion (H − ) and a number 1  n  6 of polarized H 2 ligand(s) "radiating" from the central ion like a pin cushion [29, 45] .
A set of anionic polybromide clusters, of similar stoichiometries and geometries to the hydrogen clusters reported here, have been reported by Feldmann [46] and theoretically investigated by Pichierri [47] . There is a X -(H 2 ) n [48] and Br -(Br 2 ) n (X=F, Cl, Br) [47] that corresponds to every one of the seven anionic hydrogen clusters H -(H 2 ) n subject to this study [29] . Pichierri reports symmetries, geometries, and atomic and bond properties of a set of 2 1 Br n   (1 ≤ n ≤ 6) clusters (Br 2 ligands bound to a central Brion), all of which are similar to the anionic hydrogen clusters reported here and elsewhere [29, 45] . The oneto-one correspondence between the anionic hydrogen cluster and the corresponding anionic bromine clusters may suggest that hydrogen with its a single valence-shell electron behaves, in this context, similarly to bromine with its single valance-shell hole.
3.2
The Anionic Cluster's Coincident Spectra with Observed Diffuse Interstellar Bands (DIBs)
Anionic hydrogen clusters [14-17] are stable at the low temperatures and pressures endemic to the interstellar medium, and they are formed from the most abundant element in the Universe. There exists a plausible mechanism for their formation through condensation over interstellar dust particles, and we now show that their calculated spectra are consistent with observed lines in the DIBs. Inasmuch as these anionic clusters have energy minima, lines of their visible spectra were calculated and compared to known nearby diffuse interstellar bands (DIBs) [3, [49] [50] [51] [52] [53] [54] . The calculated absorption spectra of 6 this set of seven clusters exhibit, cumulatively, 25 lines align with the observational DIBs to within the uncertainties. The lines, reported below, are of particular interest because negative hydrogen ions H − and molecular hydrogen H 2 , the reactants that produce the proposed clusters, are available within the interstellar medium [55] .
The calculated maxima in the visible spectra of these clusters are listed along with their intensities and the nearest observed lines in the DIBs spectrum in Table 3 [23] . For the test molecule ethylene, and using a 6-31+G*R basis set (the R in this stands for "Rydberg" whereby non-standard extremely diffuse basis functions were added for the proper description of Rydberg states), F.H.-G.P. report uncertainties for a variety of transitions falling in the range: 0.01 eV < dE < 0.05 eV [23] . These authors also found that, as the basis set is enlarged, there corresponds a consistent reduction in the calculated excitation energy uncertainties. As the basis used in the present work (aug-cc-pVTZ) is larger than that of Ref. [23] and is correlation consistent, a conservative assumption would be that our calculated uncertainties fall midrange of the above-mentioned uncertainty range. That is to say, a reasonable estimate of the uncertainty in our calculations of the wavelengths of maximum absorption is dE  0.025 eV.
The calculated excitation energies of the hydrogen clusters examined in the present study all fall in the range 2.22 < E < 2.75 eV. Thus, to calculate the qualitative uncertainties according Eq. (6), we take a midrange value of E = 2.5 eV. The resulting bars of calculation uncertainty have magnitude dλ [nm] = 5  nm.
The observational uncertainties are listed in Table 3 for each observation and are generally more than an order of magnitude less than for the calculated wavelengths.
Seven of the wavelengths listed in Table 3 are considered to be definitive matches between calculation and observation and are indicated in Table 3 by asterisks. In each of these cases, the observed line, is the only observed line that falls within the error bounds surrounding the calculated wavelength. The remaining observed wavelengths all fall within the error bars of the corresponding calculated wavelengths, but not uniquely so. That is to say, for those cases (without the asterisks in Table 3 ) there exist more than one observed wavelength within the calculated error bars. So, in those cases, the match of a calculated wavelength with a single observed wavelength partner is not unique. The listed observed wavelengths in the table, other than the seven definitive matches, are those which are closest to the corresponding calculated value. The computational uncertainty bars are displayed in Fig. 3 . Both Table 3 and Fig. 3 suggest that, significantly, these clusters collectively exhibit optical spectral lines which are coincident with observed DIBs within the uncertainties. It is likewise notable that three of the clusters studied (n' = 9, 13, and 15) have lines close to the strong experimental DIBs of  = 442.89 nm [50] .
CONCLUSIONS
A critical outstanding problem in astronomy is the chemical source of DIBs, and in this work anionic hydrogen clusters are put forth as viable contributors, namely on the basis of several lines of evidence. Anionic hydrogen clusters, held together by anion induced dipolar bonds, stem from material available in interstellar space. Quantum mechanical computations suggest that these clusters are stable as they exhibit no imaginary frequencies, and possess a net binding energy sufficient for holding them together at temperatures characteristic of interstellar clouds (e.g., 20 K). The clusters are stabilized by an alternation of atomic charges (H -...H --H + ) consistent with previous calculations by Huang et al. [29, 45] , and with corresponding bromine clusters [47] . It is also shown that the hydride ion and its H 2 ligand(s) adopt optimized geometries that obey VSEPR-like rules. These structures are similar to previously reported halogen-based clusters [47, 48] , whereby an electron pair in the hydrogen clusters appears to play a the role of a hole in determining the geometry of the bromine clusters [47] . Most importantly, the computed optical absorption spectra of negative anionic clusters match numerous observed DIBs, to within the uncertainties. While Hitself has been proposed as a source of DIBs in the past, such claims were dismissed experimentally and computationally (see the discussion and references in Rau's review article [56] ). What is proposed here are H --centered clusters, that is, H 2 -"solvated" hydride anions as a source of these bands. These anionic clusters are metastable in their electronic excited states. The energies of the lowest excited states lie above both the threshold of electron detachment and the dissociation of the clusters into their constituent fragments. Hence, the excited states of the clusters are short-lived. To estimate the broadening of the lines using the Heisenberg uncertainty principle (
one needs to estimate the lifetimes t  of the metastable excited states [57] . This is complicated by the fact that there are two channels for the decay of these states. These issues are currently being investigated. Such a broadening is consistent with the diffuseness of DIBs that is welldocumented in the literature [1, 6] . In sum, the clusters are predicted to be stable in their ground states at the low temperatures and densities endemic to the interstellar medium, and exhibit spectral lines consistent with certain DIBs. Subsequent research on such clusters is warranted.
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One of the oldest outstanding mysteries of astronomical spectroscopy is the nature of the chemical source of the "diffuse interstellar bands" (DIB). 1, 2 The spectra of stars observed through interstellar clouds exhibit these characteristic absorption bands. The chemical source of DIB remains an unsettled question despite many plausible proposals. It is suggested that a possible chemical source of DIB is a family of ion-induced dipole clusters of the general formula consisting of a central anion (H − ) holding nH 2 ligands (1n 7). [3] [4] [5] [6] [7] [8] [9] [10] Configuration interaction calculations (CI) demonstrate (a) that these clusters are stable, and (b) that their spectra exhibit 25 lines in the visible region all coinciding, within carefully estimated uncertainty bars, with the observed DIB. Furthermore, these clusters may also provide a basis for an efficient type of hydride-centered hydrogen storage material in view of their close similarity to recently reported halide-centered hydrogen clusters. 11, 12 The clusters are primarily held by a trihydrogen bonding interaction between the H 2 ligands and the central anion. 9 In addition, it is shown that weak van der Waals' type interactions, manifested in well-characterized H...H bond paths between neighbouring H 2 ligands, contribute to the stability of these clusters. [8] [9] [10] These closed-shell interactions only exist in the densities obtained from calculations that properly account for dispersion such as CI.
COMPUTATIONS
The triple-zeta quality aug-cc-pVTZ basis set has been used in all calculations reported in this paper, and all geometries were completely optimized through an unconstrained energy minimization at the CIS/aug-cc-pVTZ. The level of theory used in all reported wavelength (max) calculations is CIS-MP2/aug-cc-pVTZ//CIS/augcc-pVTZ, a level that has been found to reproduce UV-Vis spectra accurately.
Ball-and-stick representation of the optimized geometries of all the clusters reported in this paper along with the atom numbering scheme and the optimized bond lengths (in Å). Covalent H-H bonds are depicted as light gray cylinders, weak interactions (either trihydrogen bonds or weak H-H bonds) are depicted as dotted lines. In every cluster, the black sphere represents the hydride anion (H -).
Bond paths defining the molecular graphs of the studied clusters, along with atomic charges and the electron density at the bond critical points (au). Some symmetry non-unique atomic and bond properties are omitted for clarity. Green spheres indicate bond critical points, red spheres for ring critical points, and blue spheres for cage critical points.
TOP: Calculated spectra that match diffuse interstellar bands (DIB).
RIGHT:
Calculated wavelengths (blue), along with estimated uncertainty bars of the calculations (ca. ± 5 nm), compared with the experimental wavelengths (red). The uncertainties of the experimental DIB are taken from Ref. 2 and are listed in the Table. Band numbers correspond to their listing in the Table. 
